The bollworm can be controlled effectively with Bacillus thuringiensis transgenic cotton (Bt cotton) which is being applied worldwide. However, the insecticidal efficacy is not stable. Here we give a summary of research progress for the mechanism of the altered insecticidal efficacy, factors affecting the expression of insect resistance, agronomic practices on regulation of insecticidal efficacy in Bt cotton. To realize the transgenic potential of Bt cotton cultivars, future research may be conducted by increasing synthesis and reducing degradation of Bt protein to maintain high insecticidal ability in the transgenic cotton by agronomic management.
Insecticidal efficacy for Bt cotton
The bollworm could be controlled in Bt transgenic cotton effectively
The impact of Bt cotton on larvae of Helicoverpa amigera (Hübner) and the damage to the bollworm is enormous (Chen et al. 2017a ). The tansgenic Bacillus thuringiensis cotton, encoding the Cry1Ac, Cry2Ab, or Cry1F protein, could guard againist the harm of bollworm effectively (Shen et al. 2010; Steven et al. 2016 ). Sanahuja et al. (2011) reported the efficacy of Bt cotton on the control of pink bollworm. Bt cottons producing Cry1Ac or Cry1Ac plus Cry2Ab proteins have been proved to be efficient against pink bollworm, which provide almost 100% insect resistance compared with the control (Tabashnik et al. 2012) . The effects were also detected in other crops (Deng et al. 2019; Andrea et al. 2018) . The application of Bt cotton in northern China resulted in the greater repression of Helicoverpa armigera in cotton (Qiao et al. 2017) , and at the same time the quantity of the pest in other crops decreased including maize, peanuts, soybeans, etc. However, Lu et al. (2010) reported that suppression of certain pests by Bt cotton cultivation in China may lead to increasing harm by bugs at present. The insecticidal mechanism of the Cry toxin was further revealed that solubilization of the crystal in the insect midgut, decomposition of the protein, binding of the toxin to the midgut receptors, and damage of the apical membrane resulted in death of the insect (Kranthi et al. 2005; Lu et al. 2013; Juan and Neil 2017) .
Insecticidal efficacy varied with growth period and different organs during cotton growth season for Bt cotton
In order to maintain the insect resistance of Bt cotton, it is of significance that the Bt protein should be produced in adequate amount in susceptible plant organs at scheduled growth period to prevent the harm of target pests. However, a lot of studies have suggested the fluctuation expression of Bt protein content during the cotton growing season, leading to varied insecticidal efficacy (Wan et al. 2005; Chen et al. 2017b; Alejandra et al. 2019) . Significant reduction of insect resistance for Helicoverpa spp. was observed during the growing season, especially after flowering (Wu 2007; Kristen et al. 2013; Chen et al. 2017b ). The leaves toxin carrying Cry1Ac were significantly decreased as the crop approached maturation (Wu et al. 2003; Chen et al. 2004) , while the toxin level, carrying both Cry1Ac and Cry1Ab genes, was higher during the early growth stages and dropped significantly from anthesis onwards in cotton. The differences of Bt protein concentrations among studied cultivars can change up to double during the whole growing season (Adamczyk et al. 2001; Adamczyk and Hubbard 2006) . The Bt cotton resistance maintained only for 110 days, after which the toxin level dropped below the lethal level of 1.9 μg• g -1 , and thus the cotton may be harmed by the bollworm again (Guo et al. 2001; Kranthi et al. 2005) . It is widely noted that the high insecticidal ability appeared at seedling and squaring period, but dropped markedly during boll formation period for most applied cultivars in Bt cotton (Xia et al. 2005; Chen et al. 2012b Chen et al. , 2017b . Besides the temporal variation of insecticidal efficacy, Bt protein contents also have big difference at different parts and organs of the cotton plants. The concentration of Bt protein was significantly higher in leaves than that in other vegetative organs during the seedling period, including roots, stems and petioles, and ovaries expressed significantly more Bt toxin than pistils and stamens at the anthesis. The highest Cry1Ac expression was noted in leaves, followed by squares, bolls and flowers (Kranthi et al. 2005; Chen et al. 2017b Chen et al. , 2018 . The ovary of flowers and rinds of green bolls, the most favored parts that bollworm attacked, exhibited the lowest toxin expression (Kranthi et al. 2005 ). In addition, variation of Bt protein expression was also observed between leaves of different ages, for a seven to nine leafstage plant, the fully expanded leaves on main stem exhibited much higher Bt protein content than older basal leaves, while the young leaves on the top part had the lowest level (Chen et al. 2000) . The variation of Bt toxin concentration in growth period (temporal) and different parts/organs (spatial) might enhance the pests surviving probability, which has been paid the close attention by cotton farmers and related researchers (Gutierrez et al. 2006; Chen et al. 2018; Chen et al. 2019) .
Increased resistance of target pest in Bt cotton
Along with the Bt protein expression, other challenges such as evolvement of insect resistance to the toxin still limit the efficacy of Bt cotton, which would result in failure of this control method (Sharon et al. 2016 ). The bollworm (H. armigera) as a main target pest by Bt cotton has demonstrated to evolve resistance to the Bt toxin according to laboratory selection experiments across the world Huang et al. 2017; Vinod et al. 2018) . As the results of continuous and widespread cultivation of Bt cotton, the pest might increase resistance and counteract the insecticidal effect (Alejandra and Mario 2008; Herrero et al. 2016) . Although no field insect populations have been reported to increase resistance to Bt cotton, studies have shown that some insect species could enhance resistance to certain Bt proteins (Tabashnik et al. 2003; Caroline and Juan 2019) .
Factors affecting expression of insect resistance in Bt cotton

Effects of environmental stress on insecticidal efficacy in Bt cotton
Environmental stresses, such as extreme temperature, water deficit, salinity stress, or light stress, would reduce both the yield and quality of many crops. Previous researches confirmed that Bt protein expression was also affected by environmental stress. High temperature (37°C) significantly decreased the Bt toxin concentration at bolling period (Chen et al. 2005) . Treatment with 200 mm NaCl exhibited significant reduction of Bt protein content in the functional leaves in Bt cotton (Jiang et al. 2006 ). Either water logging or drought significantly decreased the Bt toxin expression (Luo et al. 2008; Zhang et al. 2017 ), but the extent of reduction varied with plant organs and positions. Significant reduction of Bt protein was detected in older leaves by water deficient, but greater decrease was caused for squares by water logging (Chen et al. 2012a ). Variance of insect resistance for low sensitive insect species such as cotton bollworm and armyworm was related to the difference of Cry1Ac expression in the field, which was impacted by variety background, field site (environment) and plant age (Chen et al. 2012b (Chen et al. , 2017b (Chen et al. , 2018 . Chen et al. (2012b) reported that air relative humidity and temperature in the cotton field impacted leaf endotoxin level, and high temperature (37°C) also resulted in remarkable reduction of the cotton square Bt protein (Wang et al. 2015) . Therefore, factors such as rainfall, the severity of pests and diseases, soil characteristics, and timely, appropriate and adequate farming management have direct or indirect impacts on the insecticidal ability. All the factors together with the inherent factors in the cultivars contribute to the different performances of transgenic Bt cotton. Providing an optimal environment for Bt cotton production may be necessary for strengthening the potential of Bt gene expression.
However, not all environmental stresses reduced the Bt protein expression. Under mild adverse environmental conditions, when NaCl concentration did not exceed 100 mmol• L -1 , no significant difference was observed between the stress treated plants and untreated control (Jiang et al. 2006) . Wherever an environmental stress happened, the plants response was induced and changed their metabolic level, which might be able to keep the critical toxin level (Mahon et al. 2002) . Moreover, under some circumstances, the Bt protein content was markedly decreased (Chen et al. 2012a; Chen et al. 2019 ), but the Bt protein level did not drop below the threshold level, which was still high enough to against pests. Kranthi et al. (2005) thought the threshold value as 1.9 ng•g − 1 , and toxin level would fall below the critical level only after 110 days after planting. In spite of the variation in Bt protein concentration according to previous researches, the insecticidal ability still lasted until 100-115 days after sowing.
Agronomic practices on insecticidal efficacy in Bt cotton
There are some reports on the improvement of Cry1Ac protein expression in Bt cotton through agronomic practices like high doses of N fertilizer (Pettigrew and Adamczyk 2006) . Chen et al. (2019) reported that the fertilizer application rates influenced the Bt toxin expression, and the efficacy of Bt cotton reduced markedly if nitrogen rates were low during cotton growth. The recovery was further proved that nitrogen fertilizer enhanced Bt protein expression and insect resistance (Oosterhuis and Brown 2004; Wang et al. 2012; Chen et al. 2018) . N deficit resulted in reduced Bt protein concentration (Chen et al. 2004; Zhang et al. 2017) . High N fertilizer rates enhanced the leaf Bt protein content by 14% compared with light nitrogen rates. Nitrogen metabolic physiology had close relationships with Bt protein concentration in Bt cotton (Chen et al. 2005; Chen et al. 2013; Chen et al. 2019) . Nitrogen metabolic strength influenced the Bt protein concentration of cotton organs (Chen et al. 2004; Chen et al. 2017a Chen et al. , 2017b , and nitrogen deficit reduced the content of Bt protein in Bt cotton (Chen et al. 2018; Chen et al. 2019 ). The concentration of Bt protein in plant tissues was significantly correlated with the content of total soluble protein and total nitrogen (Oosterhuis and Brown 2004; Dong et al. 2007; Wang et al. 2012; Chen et al. 2018 ). Abidallha et al. (2017) reported that the leaf Bt toxin was enhanced markedly by the external uses of Aspartic acid, Glutamic acid, Glycine, Proline, Tyrosine, Methionine, Phenylalanine, Histidine and Arginin at boll period, however, at square period, leaf Bt toxin was only significantly increased by Aspartic acid, Glutamic acid, Proline, Methionine, Arginin and the extent of increase was relatively low. The research of Huang et al. (2010) showed that application of phosphate and potash fertilizers, and manure, has significant positive effects on Bt toxin expression in fields, and the toxin content is positively related with the application of phosphate fertilizer, potash fertilizer and manure.
Plant density also could influence the square insect resistance. Higher square number per plant and square volume together with enhanced square Bt toxin concentration were detected under lower planting density, whereas contrary effects were noted under high planting density (Chen et al. 2017a (Chen et al. , 2017b .
Plant growth regulator (PGR) also could affect the insect resistance of Bt toxin centration (Ian 2006; Feng et al. 2007 ). The late-season Bt toxin content, particularly in squares, was greatly elevated by foliar applications of chaperone, a plant growth regulator (Oosterhuis and Brown 2004) . The square Bt toxin concentration was enhanced by GA 3 application, resulting in lower bollworm number and hazard rate with higher yield (Chen et al. 2017a (Chen et al. , 2017b . DPC and GA3 application increased boll Bt toxin concentration. However, at early boll formation stages, GA 3 decreased the boll Bt toxin level (Chen et al. 2017a (Chen et al. , 2017b . Other farm managements, such as early sowing (in April) also decreased leaf Bt toxin concentration by 12% relative to the late planting (Pettigrew and Adamczyk 2006) .
The insect resistant variation in Bt cotton relate to Cry1Ac transcript and physiology of carbon and nitrogen metabolism
The Bt protein expression could be affected by the nucleotide sequence, the promoter, the insertion point of the gene in the DNA of the Bt cotton cultivars, the trans-gene amplification, the environment factors in the cell and natural condition (Hobbs et al. 1993; Rao 2005; Sharon et al. 2016; Wang et al. 2018) . Thus, in order to understand the differential expression of transgenes, the study at molecular, genetic, as well as physiological levels should be important.
The Bt protein contents reduced significantly after squaring period, and the reduction was attributed to the altered mRNA production (Mahon et al. 2002) . Bt toxin contents reduced consistent with the growing period, and the reduction was associated with the decrease of mRNA production (Chen et al. 2017a (Chen et al. , 2017b Sharon et al. 2016) . Olsen et al. (2005) found that the reduction with growth stage in efficacy against target pests was a result of decreased Cry1Ac transcript levels and thus Bt protein levels after squaring in the field.
Variations of insect resistance were concluded as a result of altered gene expression as the crop maturation. Xia et al. (2005) found that the Bt toxin gene expression exhibited a temporal and spatial variation, and toxin concentration reduced as the crop mature due to the reduction in full-length Bt toxin gene transcripts. The over expression of Bt gene at earlier stages of transgenic cotton plants resulted in gene regulation at the posttranscription level and caused the gene silencing consequently. And the post-transcription regulation was through the alteration in the methylation state of the 35S promoter region of Bt gene at later growth stages.
Bt toxin levels were reported to be closely related with the carbon and nitrogen metabolism according to a number of researches. The relative availability of carbon and nitrogen nutrients as along with their relationship with the plant growth rates all contributed to the allocation pattern of defensive compounds (Bryant et al. 1983; Chen et al. 2017b) . The enhance of carbon-based defense was attributed to elevated photosynthesis or reduced nitrogen supply, in contrast, the enhanced nitrogen-based defense was caused by opposite situation (Faje et al. 1989; Chen et al. 2019) . The Bt protein concentration was influenced by an interaction between nitrogen and CO 2 , and reduced N allocation to Bt protein was observed under enhanced CO 2 (Coviella et al. 2002) . Enhanced protein level was observed under increased available N, especially in vegetative cells (Chen et al. 2017b ). According to the fact that most increased proteins are enzymes, when available nitrogen elevates, it is highly possible that more Bt protein synthesizing enzymes and/or mRNA would be produced, thus more Bt toxins would be produced (Bruns and Abel 2003; Chen et al. 2018 ). Adamczyk and Meredith (2004) found that the leaf tissue with low chlorophyll content had low Bt toxin concentration, and indicated that photosynthesis-regulating factors associated with mRNA transcription and translation should affect the insecticidal protein expression. Furthermore, Olsen and Daly (2000) reported that not only lower toxin protein content was observed in older plants, but also the toxin is either less toxic or less available. The protein decomposition and remobilization of nitrogen also led to Bt toxin content reduction. Exposure of Bt transgenic cotton plants to high temperature resulted in a significant decline in glutamic-pyruvic transaminase (GPT) activity and soluble protein content, suggesting that high temperature may result in the degradation of soluble protein in the leaf, with a resulting decline in the level of the toxin Cry1A (Chen et al. 2005) , the conclusion was proved by other reports (Chen et al. 2012b; Zhang et al. 2017; Chen et al. 2019 ). Pettigrew and Adamczyk (2006) reported that relocation of leaf nitrogen to boll in earlyplanted cotton resulted in decreased level of Bt protein relative to late-planted cotton plants. Furthermore, when non-Bt cotton plants were grafted to Bt plants, Bt toxin protein could be detected in leaves of non-Bt cotton and xylem sap of Bt cotton, indicating the transportable property of Bt toxin (Rui et al. 2005) . In sum, previous researches indicated that reduced Bt toxin level might be associated with nitrogen metabolism in Bt cotton, including remobilization, inhibited synthesis, and/or elevated degradation (Chen et al. 2017a (Chen et al. , 2017b Chen et al. 2019 ).
Research prospects
All previous researches suggested that the growth and physiological status of the Bt cotton organs affected the insecticidal protein concentration. Although it is still not perfect, Bt cotton has been proven as one of the most effective and environment-friendly approaches of insect control so far (Kranthi et al. 2005) . However, little is known what happen to the vegetative and reproductive growth after Bt gene introduction, and in turn how the square and boll development influence the insecticidal protein expression. Previous studies had also found that the nitrogen metabolism had close relationship with insecticidal concentration in Bt cotton (Chen et al. 2012a (Chen et al. , 2012b (Chen et al. , 2017a (Chen et al. , 2017b . Therefore, studying the relationships of the nitrogen metabolism with both the square and boll development and insecticidal protein concentration is important to illustrate the mechanism of the effect of square and boll development on insect resistance. Furthermore, finding a way to bolster Bt protein content during yield formation period is also important for Bt cotton production.
Besides providing new cotton varieties with more powerful resistance to insect pests, according to the fact that insecticidal efficacy was related to nitrogen metabolism, future researches may be conducted to increase synthesis and reduce degradation of Bt protein for maintaining high insecticidal ability in the transgenic cotton which carry out by agronomic management in realizing the insecticidal potential for Bt cotton cultivars.
